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1. In t roduc t ion  
Work c a r r i e d o u t  a t  r e sea rch  r e a c t o r s  du r ing  t h e  l a s t  decade demonstra- 
tes t h a t  slow neutrons a r e  a powerful t o o l  f o r  s tudying  t h e  p r o p e r t i e s  
of s o l i d s  and l i q u i d s ,  A comparison of t h e  neu'irsn ',i2fh ~ t f ' . e r  poss ib l e  
probes,  f o r  example photons,  e l e c t r o n s  o r  p ro tons ,  t!~o-!~s e a s i l y  i t s  
advantages.  
Coherent neutron s c a t t e r i n g  o f f e r s  e x c e l l e n t  means f o r  s t u d y i ~ g  c r y s t a l  
and magnetic s t r u c t u r e s .  But i t  is i n  c r y s t a l  and l i q u i d  dyna~ ' ics  
where t h e  a v a i l a b i l i t y  of neutrons has  opened a cew f i e l d  of research .  
For s t r u c t u r e  i n v e s t i g a t i o n s  now var ious  types 02 double-axis c r y s t a l  
spec t rometers  a r e  i n  use  a s  s tandard  equipnent e t  cany r e e c t o r s ,  For  
dynamic s t u d i e s  t h e  bery l l ium f i l t e r  t echnique ,  t h e  t r i p l e - a x l s  c rys-  
t a l  s p e c t r o n e t e r  and d i f f e r e n t  types  of pulsed be~.m spec t rone  csrs have 
been developed. 
The appara tus  which w i l l  be d i scussed  i n  t h i s  paper is of the p ~ ~ l s e d  
beam spec t rometer  type.  I t  was o r i g i n n l l y  designed f o r  s c a t t ~ r i t i g  law 
measurements i n  i s o t r o p i c  ma te r i a l s  (1.7, but F+ has Fyove:; t o  b3 a l s o  
very  u s e f u l  f o r  o t h e r  types  of experiments.  
2, General - f e a t u r e s  of t h e  r o t a t i n g - c r y s t a l  time-of-fl!.r3+ spec t ro -  
meter. 
The arrangement is s i m i l a r  t o  t h a t  of a n o r ~ n l  c r y s t a l  m~noc.t.~o.;'ator, 
a set of S o l l e r  type  co l l ima to r s  being mo~rntcd !.n f r o n t  o; ?.cd behind 
t h e  s i n g l e  c r y s t a l .  The c r y s t a l ,  hw~rever, r o t a t c s  a t  hizh s p x d ,  SO 
t h a t  t h e  Brazg law w i l l  be f u l f i l l e d  i n  ezch ?c7olu t ion  cn ly  cicring 
very s h o r t  t i m e  i n t e r v a l s .  Energy r e s o l u t i o n  and t ics -wid th  of t h e  
neutron pu l se  a r e  determined by s e v e r a l  parameters:  c9ll4.sic-tic:, 
geomet r ica l  dimensions and mosaic spread of t h e  c r y s t a l  and i t s  speed 
of r o t a t i o n .  The q u a n t i t a t i v e  r e l a t i o n s  cannnt be d i scussed  i n  d e t a i l  
here .  
Fig. 1 shows t h e  se t -up  qf a c r y s t a l  chspper t h e t  we have been oper- 
a t i n g  f o r  about  two years  now. The c r y s t a l  i s  a 3.5 c 3  d i a .  aluninum 
c y l i n d e r ,  8 cm i n  h e i q h t ,  which i s  f i x c d  d i r e c t l y  t o  t h o  e h ~ . l t  ~f a 
7 5  w a t t ,  4 po l e  h y s t e r e s i s  synchronous motor, The th ree-nkase-sp l i t  
ou tput  of an audio-power-amplifier c o n t r o l l e d  by a v?.-icblc Pxquency  
RC-osci l la tor  f e e d s  t h e  motor, In most of -i:ic 9 ; : y ~ i ~ e : i t s  GC.?? SO 
f a r ,  t h e  r o t o r  r a n  a t  14,500 rpm. 
Fig .  1 i l l u s t r 8 t e B  t h e  t e c h n i c a l  simplicity of t h e  r o t a t i n g  c r y s t a l  
compared, f o r  example, w i th  a s eve ra l - ro to r  chopper system. Only one 
compact r o t o r ,  t h e  c r y s t a l ,  wi th  dimensions of t h e  u t i l i z e d  beam is  
necessary ,  and no phasing problem between d i f f e r e n t  d r i v i n g  u n i t s  
e x i s t s .  
If  w e  compare t h e  t r ansmis s ion  of both systems under equal  cond i t i ons ,  
thk  r e s u l t  is t h a t  i n  t h e  energy range below 0.5 eV the c r y s t a l  is 
compet i t ive  i n  s p i t e  of i t s  incomplete r e f l e c t i v i t y .  The reason  f o r  
this is  found i n  t h e  two d i f f e k e n t  mechanisms d m o ~ m a t i z a t i o n .  Lat- 
t ice parameters ,  Debye-Waller f a c t o r s ,  mosaic spreads  and abso rp t ion  
set t h e  limits f o r  c r y s t a l s ;  f o r  mechanical choppers a s e v e r e  limit is 
g iven  by t h e  mechanical s t r e n g t h  p r o p e r t i e s  of t h e  r o t o r  m a t e r i a l ,  
Two advantages of t h e  r o t a t i n g  c r y s t a l  a r e  apparen t :  
1) The  onoc chromatic beam is  i n c l i n e d  t o  t h e  r e a c t o r  beaqwhich  is 
an  important  po in t  i n  background cons ide ra t i ons .  
2) Seve ra l  monochromatic beams a t  d i f f e r e n t  r e f l e c t i n g  a n g l e s ,  i . e .  
wi th  d i f f e r e n t  neutron ene rg i e s ,  can be used s imul taneous ly ,  Th i s  
p a r t i c u l a r  f e a t u r e  l a r g e l y  enhances t h e  u t i l i z a t i o n  of a r e a c t o r  
beam hole .  
Fig. 2 is a scheme of our  p re sen t  experimental  arrangement w i t h  f o u r  
d i f f e r e n t  types  of experiments.  Before d s s c r i b i n g  t h e s e  i n  d e t a i l ,  a 
few words on t h e  product ion qf t h e  monochronatic beams should be s a i d ,  
3. Methods f o r  f i l t e r i n g  monochromatic beams 
One d isadvantage  of t h e  c r y s t a l  r o t o r  i s  t h a t  i t  does no t  on ly  r e f l e c t  
neutrons of t h e  d e s i r e d  energy. Higher o rde r s  r e f l e c t e d  a t  t h e  same 
p lanes  and low i n t e n s i t y  contaminat ion cannot  be  suppressed completely,  
Although t h i s  is  a ques t i on  of t h e  r e a c t o r  spectrum a v a i l a b l e  and of 
t h e  c r y s t a l  p lanes  used,  w e  found t h e  q u a l i t y  of t h e  monochromatic 
beam q u i t e  s a t i s f a c t o r y  f o r  s c a t t e r i n g  experiments whenever a (111) 
plane  was Used and t h e  neut ron  energy h igher  than  0.05 e V .  For  lower 
e n e r g i e s , a d d i t i o n a l  means f o r  c l ean ing  t h e  Seam a r e  necesnary. Three 
d i f f e r e n t  methods have been used f o r  doing t h i s :  
1) l a r g e  s i n g l e  c r y s t a l s  of q u a r t z  and bisnut l i  a s  f i l t e r s ,  
2) t o t a l  r e f l e c t i o n  of neutrons a t  po l i shcd  metal  s u r f  aces ,  
3) a r o t a t i n g  c o l l i m a t q r  of t h e  mechanical v e l o c i t y  s e l e c t o r  type. 
Method (1) is  s i m p l e ,  b u t  u n f o r t u n a t e l y  connected w i t h  a c o n s i d e r a b l e  
loss i n  i n t e n s i t y  even when t h e  f i l t e r  is o p e r a t i n g  a t  low t e m p e r a t u r e ,  
The second method i s  most e f f i c i e n t  f o r  e n e r g i e s  below 0.01 eV ( 3  i -) .  
P, p a i r  of S o l l e r  c o l l i m a t o r s  ( c o l l i m a t i o n  l o t ) ,  i n c l i n e d  w i t h  a n  a n g l e  
g r e a t e r  t h a n  t w i c c  t h e  geometk ica l  c o l l i m a t i o n ,  is used .  The e f f i -  
c i e n c y  depends l a r g e l y  on t h e  q u a l i t y  of t h e  p o l i s h e d  s u r f a c e s .  [&l- 
though v!c haVe used s o  f8r o n l y  mechan ica l ly  p o l i s h a d  s u r f w e s ,  a 
t r a n s m i s s i o n  of about 50 % 2nd an improvement of pL>sk-to-background 
r a t i o  i n  t h e  monochromatic bezn of s i s c t o r  T-0 h a s  been rcychzd .  F o r  
h i g h e r  e n e r g i e s  s r o t q t i n e ;  c o l l i r s ~ ~ t o r  w l s  b u i l t  (method -). Fie;. 2 
shows t h e  l z y o u t .  Th; r o t o r  h a s  n l s n g t h  of 5G cm, %n o u t e r  d i a m e t e r  
of 42 cm and 272 s t r ? i g h t  s l i t s ,  10 cm i n  h e i g h t  and 0 .S  cm i n  mean 
wid th  w i t h  s l i t  w q l l s  0 .03  cm t h i c k ,  made of s t 2 i n l e s s  steel.  Speed 
of r o t q t i o n  is  between 3600 end 7000 r 2 n .  R o t a t i o n  speed and i n c l i -  
n a t i o n  of t h e  r o t o r  a x i s  r c l a t i v e  t o  t h e  bean d e t e r m i n e  t h e  t r a n s n i t -  
t e d  energy .  We have used t h i s  sys tem down t o  0.G16 e V  whcre we g e t  a 
t r a n s m i s s i o u  of 50 % f o r  t h e  monochronst ic  p l ~ l s c  a s  w e l l  as an i m -  
provement of t h e  o r d e r  of 20 i n  bo th  pc2B-tc-background and f i r s t - t o -  
second o r d e r  i n t e n s i t y  r q t i o s .  
4 .  S c a t t e r i n g  13l:l me8surements i n  i s o t r o 2 i c  materials 
The purpose  of t h i s  arrnngcrnsnt  i s  t h n  measurement of t h c  doub le  d i f -  
f e r e n t i a l  scp .x te r ing  c r o s s  s e c t i o n  i n  ~ o l y c r i s t a l l i n ~  s o l i d s ,  l i q u i d s  
o r  g s s c s ,  f o r  a widc  range  of nonentum and e n s r g y  t r a n s f e r s .  F r o n  
t h i s  t h e  s o  c ? l l e d  t t s c a t t e r i n g  l n v ~ " ,  which is  on ly  a f u n c t i o n  of t h c  
dynamic p r o p e r t i o s  of t h e  s c a t t e r e r ,  can be e x t r a c t e d .  Bcs ides  i t s  bs-  
s i c  i n t s r e s t ,  t h c  knowledge of t h z  s c q t t e r i n g  law is of importencc  f o r  
t h e r n a l i z a t i o n  c a l c u l s t i o n s  i n  r e a c t o r  n s t e r i a l s .  
F i g .  i shows ?n s r t i s t ' s  s k e t c h  of t h s  d e v i c e .  Thz nou t ron  d e t e c t o r s  
a r s  p laced  on t h e  upper h s l f  of a  v e r t i ~ a l  c i r c l e  a t  ? d i s t a n c c  of 
two met res  f rom t h e  sample .  
The whole s c t - u p  is a b l e  t o  t u r n  around t h l  a x i s  of t h e  c r y s t s l ,  s o  
t h a t  t h e  i n c i d z n t  n s u t r o n  e n e r c y  c?n be  chaaged v i t h o u t  much t r o u b l e .  
D e t e c t o r s c l n  be  s e p a r a t e l y  moved on t h e  c i r c l e .  L, t o t a l  of L T  d i f -  
f e r e n t  d e t e c t o r  p o s i t i o n s  cnn be used s i m u l t a n e o u s l y .  j.t p r c s e n t  two 
d i f f e r e n t  t y p e s  of d z t e c t o r s  qre i n  u s e :  
G 
1 4  S c i n t i l l a t i o n  d e t e c t o r s  w i t h  L i  F-ZnS s c i n t i l l a t o r s  (v,  0,5 mm 
t h i c k  and 5 inch  diameter ;  
3 2. H e  coun te r s ,  1 i nch  d i a n e t e r ,  forrnfng berJrs wi th  an e f f e c t i v e  
a r e a  of 155 cm2, 
To :&l ib ra t e  t h e  d e t e c t o r s  vanadium s c a t t e r i n g  experiments are done. 
I n e l a s t i c  s c a t t e r i n g ,  abso rp t ion  and,  t o  sane e x t e n t ,  m u l t i p l e  s c a t -  
t e r i n g  a r e  taken  i n t o  account  i n  t h e  procesc;it?g of t h e  v~ncd ium d a t a b  
I n  t h i s  t ype  of exyeriment ,  a r e l a t i v e l y  l a r g e  beam o?css s e c t i o n  is 
used,  t h e  samples being 4.5 cm wide and up t o  7 cm high. With t h e  
second c o l l i m a t o r  a  t y p i c a l  pu l se  width a t  t h e  sample is 20 
I n  o rde r  t o  g e t  t h e  h i g h e s t  i n t e n s i t y  a v a i l a b l e ,  up t o  noiv most of t h e  
experiments have been done without  t h i s  secozd c o l l i m t o r .  Under 
t h e s e  cond i t t ons ,  t h e  i n t e n s i t y  a t  t h e  sample,  a t  0 ,04  eV, is 400 n/ 
2 
c n  sec, I n  o r d e r  t o  reduce m l t i p l e  s c a t t e r i n g  con t r ibu t ions ,  sam- 
p l e s  sca t te r i r :g  on ly  about 10 70 of t h e - i n c i d e n t  neutrons a r e  used. 
To e l i m i n a t e  background,measurements wifihouc, sample a r e  done. Due t o  
t h e  r o t a t i o n a l  s y m z t r y  of t i le  c r y s t a l  nonochromstor, a l a r g e  prxrt of 
t h e  baclcground is cons t an t  i n  t i m e  o r  u n c r r r e l a t e d  and can,  t h e r e f o r e ,  
be e a s i l y  co r r ec t ed .  
Typica l  r e s u l t s  of t h r e e  day runs  a r e  shown i n  Fig, 5. The l o s e r  
curve is f o r  vancdium, the upper one f c r  g r a p h i t e ,  I nc iden t  energy 
0 
uras 0,042 eV, s c a t t e r i n g  ang le  125 , s h a m e 1  width 8 usec ,  / 
5. Arrangement for measuring smal l  momentc3 t r a n s f e r s  
Slov neutrons o f f ey  a va luab le  t o o l  f o r  s t udy ing  d i f f u s i o n  processes  
i n  l i q u i d s  on a  microscopic scale. Experiments of t h i s  type  done so 
f a r  m i n d i c a t e  t h a t  measurements a t  smaller moaentum t r a n s f e r s  wi th  
a h igher  energy r e s o l u t i o n  a r e  necessary  t o  g e t  concluoive information 
concerning t h e  d i f f e r e n t  proposed d i f f u s i o n  nodels .  
For  s tudying  small energy and norrent~ra t r a n ~ P e r s  w e  have set up an 
expe r i zen t  a s i n g  a monoct~omat ic  bzan from t h e  ro tz t in :  c r y s t a l  i n  
the energy range f  L-on 5 t o  10 r.!?V. 7ke iery;% of t h e  f l i g h t  pa th  is 
3.5 n e t r e s ,  The bank has a  t o t ~ l  02 GO Cetzc to r  p o s i t i o n s  between 
3 l0 and 30'. A t  each p o s i t i o n  up t o  t h r e e  1 inch  BF3 or He counters ,  
8 inch  i n  l eng th ,  can be mounted, With t h i s  arrangement, an  energy 
r e s o l u t i o n  of about 1 % a t  5 . 1 6 ~ ~  is a t t a i n e d .  
A remarkable t e c h n i c a l  f e a t u r e  of t h i s  arrangement is t h a t  i n  t h e  c a s e  
of t h r e e  connter  tubes  i n  s e r i e s ,  i .e.  behind each o t h e r ,  t h e  correc-  
t $ o n s f o r  t ime-of-f l ight  d i f f e r e n c e s  i n  t h e  tubes a r e  made by a s h o r t  
programme i n  t h e  on-l ine computer which i s  used wi th  t h e  spectrometer  
and which w i l l  be descr ibed  i n  s e c t .  8 .  Using a computer programme, 
i t  should a l s o  be p o s s i b l e  t o  opt imize t h e  peak t o  background r a t i o  
f o r  d i f f e r e n t  energy regions.  
Arrangement f o r  t h e  de te rmina t ion  of d i s p e r s i o n  laws i n  s i n g l e  
c r y s t a l s ,  
Today mainly t h e  t r i p l e - a x i s  spectrometer  [Q is  used f o r  measuring 
phonon f r equenc ie s  i n  coherent  s c a t t e r i n g  s i n g l e  c r y s t a l s .  Th i s  
spectrometer  could d e f i n i t e l y  not  compete wi th  t ime-of-f l ight  methods 
i f  t h e r e  were not  t h e  p o s s i b i l i t y  of mechanical programming and i t s  
use  i n  t h e  "constant  Q" and o t h e r  s p e c i a l  methods. Modern time-of- 
f l i g h t  techniques,  however, o f f e r  great p o t e n t i a l i t i e s  a l s o  i n  t h i s  
d i r e c t i o n .  
In  our  present  experimental arrangement s ix  ~e~ coun te r s ,  wi th  a 
diameter  of 1 inch  and an a c t i v e  l e n g t h  of 4 i n c h , ,  were placed s i d e  
by s i d e  a t  a d i s t a n c e  of 2 metres from t h e  c r y s t a l  under i nves t iga t ion .  
The experimental procedure, t h e  " s c a t t e r i n g  s u r f  ace" method (S/, re- 
minds of t h e  method of "successive approximations" 163. S h w l d  
phonons be  measured i n  a c e r t a i n  d i r e c t i o n ,  a phonon wavevector is  
s e l e c t e d  and t h e  a s soc i a t ed  phonon frequency est imated on the b a s i s  of 
some previous knowledge. The parameters of t h e  arrangement a r e  set s o  
t h a t  an i n n e r  counter  meets t h i s  choice. If t h e  measured phonon does 
not  f a l l  i n  t h e  s e l e c t e d  d i r e c t i o n ,  phonons measured i n  s l i g h t l y  d i f -  
f e r e n t  ones with t h e  o u t e r  coun te r s ,he lp  t o  c o n s t r u c t  a p a r t  of t h e  
s c a t t e r i n g  s u r f a c e  whose i n t e r s e c t i o n  wi th  t h e  d e s i r e d  d i r e c t i o n  g ives  
t h e  phonon looked f o r .  Although t h i s  is  t h e  procedure now accepted,  
ways could be  thought of which can combine t h e  measurements a t  neigh- 
bouring ang le s  i n  a d i f f e r e n t  manner, f o r  i n s t ance ,  t o  keep t h e  end- 
p o i n t  of t h e  wavevector t r a n s f e r  i n  a c e r t a i n  d i r e c t i o n ,  With t i m e -  
o f - f l i g h t  t h i s  is merely a r educ t ion  of d a t a  which can be done ef fec-  
t i v e l y  with t h e  on-line computer. 
7 .  Dif f ractometer using time-of -f l i g h t  
In a provis ional  set-up,we have t r i e d  t o  use  t h e  time-of-flight method 
f o r  s t r u c t u r e  research.  This  means using n pulsed m o n o c ~ o h a t i c  beam 
from t h e  c r y s t a l  chopper and determining s c a t t e r i n g  anglefd by tine-of- 
f l i g h t .  A scheme of t h e  arrangement is  givcn i n  Fig. 6. A wide range 
of angles of i a t e r e s t  can be covered i n  one run, The geometrical 
arrangement of the  de tec to r s  (we use a t  present  two BF counters ,  3 
1 inch diameter and 117 cm a c t i v e  length)  determines t h e  angular re- 
so lu t ion ,  A t y p i c a l  p a t t e r n  f o r  lead is shown i n  Fig. 7, 
Although t h i s  method a t  present  is  not  competitive with t h e  convention- 
a l  d i f f rac tometer ,  it should be of i n t e r e s t  f o r  pulsed reac to r s  and i t  
has t h e  advantage of separa t ing  t h e  second rnd higher orders  by t i m e -  
o f - f l igh t  s o  t h a t  lower ina ident  energies can be used. F i n a l l y ,  t h i s  
method i s  s u i t a b l e  f o r  s t u d j i n g  relarrat4on e f f e c t s  i n  s t r u c t u r e s .  
8. Acquisi t ion and reduct ion  of d a t a  with the  on-line computer 
The e f fec t iveness  of the  various experimental f a c i l i t i e s  described 
depends l a r g e l y  on t h e  a v a i l a b i l i t y  of a capable da ta  acqu i s i t ion  
system. More than 20,000 time channels a r e  needed simultaneously, 
A t  t he  FR 2 reac to r  w e  have met these  and a l s o  t h e  requirements of 
o the r  multiparameter experiments by t he  i n s t a l l a t i o n  of a mul t ip le  
input  da ta  acqu i s i t ion  system .&l nsing a Control Data 160-A computer, 
with 8 K. core  memory, as a c e n t r a l  un i t .  
Besides the  t ime-of-f l ight  spectrometers described i n  t h i s  Paper, 
th ree  two-parameter experiments i n  nuclear  p5yslcs use t h i s  system, 
The events recorded by a l l  the  time-of-flight de tec to r s  mentioned 
above a r e  fed  t o  a multiparameter coding u n i t  which converts them t o  
d i g i t a l  words of 20 b i t s  length  and which c o n s i s t s  of:  
1. a binary decoder of the  d e t e c t o r  number and experiment, 
2. a time-of-flight d i g i t i z e r  with t h e  p o s s i b i l i t y  of d i g i t i z i n g  
256, 512 o r  1024 time channels with rridths from 1 t o  64 usec, / 
3. a device f o r  recording t h e  s t a t u s  of t h e  r e a c t o r  and of tho  scat- 
t e r i n g  samples. 
The dofinection between t h i s  u n i t  and a mul t ip lexer  u n i t  invoiv ing  a 
4 X 24 b i t  derandomizer a t  t h e  c k n t r a l  s t a t i o n  is made by an one- 
24-bit-word b u f f e r  e t a t i o n  which i d e n t i f i e s  a l l  information aoming 
from t h e  r o t a t i n g  c r y s t a l  spectrometer .  
T rans fe r  of t h e  d a t a  from t h e  derandomizer t o  t h e  computer memory, 
checking and even tua l ly  r educ t ion  by means of a sub rou t ine ,  is govern- 
ed by one c o n t r o l  program. Depending on t h e  number of channels  re- 
quired,  t h e  in format ion  is s t o r e d  i n  t h e  memory o r  w r i t t e n  on magnetic 
tape .  
A t  p r e sen t ,  t o t a l i z i n g  is performed i n  t h e  CDC 160-A and output  is I n  
t h e  form of punched paper tape .  I n  a no t  t o o  d i s t a n t  f u t u r e ,  t h e  
IBbl compatible  t apes  w i l l  be f ed  d i r e c t l y  i n t o  t h e  c e n t r a l  Karlsruhe 
IBhI 7070 f o r  f u r t h e r  d a t a  process ing ,  
A f l e x i b l e  d i sp lay ,  generated by t h e  computer , i s  a v a i l a b l e  L83 a t  t h e  
p l a c e  of t h e  experiment,  Using d i g i t a l  swi tche5  a wide v a r i e t y  of 
d i f f e r e n t  d i s p l a y  pa t te rs ,@ can be  choosen. 
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Legends t o  f igures :  
Fig. 1: Crysta l  chopper with c y l i n d r i c a l  aluminurn c r y s t a l ,  
Fig. 2: Schematic diagram of the  r o t a t i n g  c r y s t a l  spoctrometer 
arrangement. The de tec to r  set-ups 2 - 4 ,  here  drawn i n  
t h e  hor izonta l  plane, a r e  i n  ve r t i c a l  planes. 
Fig. 3: Scheme of t h e  r o t a t i n g  col l imator ,  
F i g ,  4: Sketch of the  device f o r  s c a t t e r i n g  law measurements, 
Fig. 5: Typical r e s u l t s  with vanadium and graphi te .  
F ig .  6: Scheme of t h e  time-of-flight dkffractometer.  
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3 = S C A T T E R l N G  L A W  S P E C T R O M E T E R  
4 = L 0  W M O M E N T U M  T R A N S F E R  SPECTROMETER 
@ = M O N I T O R ,  o = D E T E C T O R ,  I z S A M P L E  
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